Electric stability program for electric vehicle 2.1 Introduction of electric stability program
. shows concept of ESP for EV. ESP consists of two systems; vehicle/road state estimation system (S1) and integrated vehicle motion control system (S2). S1 integrates information from sensors (accelerometer, gyro, GPS, suspension stroke and steering angle sensors) and estimates unknown vehicle parameters (mass), vehicle state variables (yaw rate, lateral acceleration, roll angle, roll rate and normal forces on tires) and environmental state variables (Tseng et al., 2007; Hac et al., 2004) . According to the information from S1, S2 controls vehicle dynamics using RSC and YSC, pitching stability control (PSC) and anti-slip control (ASC). According to RI, which is calculated by S1, a proper stability control strategy (YSC, RSC or mixed) is determined. RSC is based on DOB and nominal vehicle state is calculated by a controller. If there are errors between calculated and actual dynamics, it is compensated by differential torque.
A scheme of integrated vehicle motion control
Lateral acceleration is composed of vehicle side slip, yaw rate and longitudinal speed.
If constant vehicle speed is assumed and lateral acceleration is suppressed, yaw rate is also suppressed as long as differentiation of side slip is not controlled. This physical constraint makes RSC and YSC incompatible. Therefore, rollover detection is necessary for integrated control. In order to detect rollover, Yi proposed RI (0 < RI < 1) as a rollover detection (Yi et al., 2008) . When RI is high which means a vehicle is likely to roll over, the weight of RSC is set as high. On the other hand, RI is small, which means a vehicle is not likely to roll over, the weight of YSC is set as high. Control algorithm is simple and given by following equation . Fig. 2 . shows block diagram of three dimensional integrated vehicle motion control. 
Estimation system
introduced. According to the estimated state variables, RI, a distribution ratio of RSC and YSC is determined. 
Lateral acceleration and roll angle observer
Rolling motion:
Here, these motion equations need to be expressed as state equations to design observer. Observer gain matrix, however, becomes 2 * 4 matrix if whole equations are combined. To reduce redundancy of designing gain matrix, tire dynamics and rolling dynamics are separated. A matrix, A rt connects two state equations. From eq.(3) and eq.(4), state equation is expressed as,
It is noted that there is feedforward term in the transfer function from u to t y . Therefore, to eliminate feedforward term and design stable observer, t
x vector is defined using differential torque and steering angle as the following equations, 
It should be noted that lateral acceleration dynamics expressed as eq.(6) is a linear time varying system depending on vehicle speed. The states are observable at various longitudinal speed except for a very low speed. In the following sections, for repeatability reason, experiment has been done under constant speed control. Observer gains are defined by pole assignment. These parameters are based on the experiment vehicle"Capacitor-COMS1" developed in our research group. The method to evaluate the values of r f c c , are referred to the paper (Takahashi et al., 2006) . Since rolling dynamics was unknown, model identification is conducted to derive roll model. Constant trace method is applied to the rolling model parameters identification. From equation (5a), lateral acceleration y â is written as
The algorithm of the constant trace method is to update forgetting factor λ , such that trace of gain matrix P , is maintained as constant.
Due to the forgetting factor, when ξ is big, θ can be identified with good precision, and when ξ is small and little information, θ is seldom updated. With constant trace method, stable parameter estimation is achieved. Update equation is written by the following equation.
where, ε is output error.
Utilizing constant trace method to the experimental result, angular frequency 
Rollover index
RI is a dimensionless number which indicates a danger of vehicle rollover. RI is defined using the following three vehicle rolling state variables; 1)present state of roll angle and roll rate of the vehicle, 2)present lateral acceleration of the vehicle and 3)time-to-wheel lift. RI is expressed as eq. (15),
where, C1,C2 and k1 are positive constants (0 < C1, C2 < 1). ayth is defined by vehicle geometry. Tracking capability and disturbance suppression are two important performances in dynamics system control and can be controlled independently. On the other hand, onedegree-of-freedom (1-DOF) control such as PID controller loses important information at subtracting actual value from reference one. In the control, there is only one way to se feedback gain as high to improve disturbance suppression performance, however the gain makes the system unstable. Hence 2-DOF control in terms of tracking capability and disturbance suppression is applied to RSC. Proposed lateral acceleration DOB estimates external disturbance to the system using information; N V , ,δ and y a . 
In eq. (19), the first and the second terms are modeling errors and the third term is lateral disturbance. If modeling error is small enough, Disturbance, which is lower than the cut-off frequency of Q and vehicle dynamics, is suppressed by DOB. In addition to the function of disturbance rejection, the plant is nearly equal to nominal model in lower frequency region than the cut-off frequency. Therefore the proposed RSC has the function of model following control.
Yawing stability control
As fig. 2 . shows, YSC is yaw rate control. Yaw rate reference value is defined by steering angle and longitudinal vehicle speed. Transfer function from yaw rate reference and steering angle is expressed as the following equation. 
Simulation results
Three dimensional vehicle motion simulations have been conducted with combination software of CarSim 7.1.1 and MATLAB R2006b/Simulink. At first, the effectiveness of RSC is verified. Lateral acceleration disturbance is generated by differential torque for repeatability reason of experiments. In the simulation, lateral blast is generated at straight and curve road driving, the proposed DOB suppresses the disturbance effectively. To show the effectiveness of ESP, lateral acceleration response and trajectory at curving are compared. It is shown that lateral acceleration is unnecessarily suppressed only with RSC, however, tracking capability to yaw rate reference is achieved by ESP. When proposed RSC is activated, the proposed lateral acceleration DOB detects the lateral acceleration disturbance and suppresses it. Then, disturbance is applied at curve road driving. Under 20km/h constant speed control as well, 180 deg step steering is applied with roll moment disturbance during 3-6 sec. Fig. 11 . shows decrease of lateral acceleration since disturbance is rejected perfectly by differential torque with RSC. The robustness of RSC is verified with simulation results. In this section, tracking capability of RSC to reference value is verified with simulation results. Under 20km/h vehicle speed control, 180 deg sinusoidal steering is applied and reference value of lateral acceleration is 80% of nominal value. Fig. 12. shows that lateral acceleration follows reference value with RSC.
Effectiveness of RSC

Effectiveness of EPS
Rollover experiment can not be achieved because of safety reason. Under 20km/h constant speed control, 240 deg step steering is applied. From fig. 13 ., with only RSC case, even though the danger of rollover is not so high, lateral acceleration is strongly suppressed and trajectory of the vehicle is far off the road. On the other hand, with ESP case, the rise of lateral acceleration is recovered and steady state yaw rate is controlled so that it becomes close to no control case.
Experimental results
Experimental setup
A novel one seater micro EV named "Capacitor COMS1" is developed for vehicle motion control experiments. The vehicle equips two in-wheel motors in the rear tires, a steering sensor, an acceleration sensor and gyro sensors to detect roll and yaw motion. An upper micro controller collects sensor information with A/D converters, calculates reference torques and outputs to the inverter with DA converter. In this system, sampling time is 1 (msec). Fig. 14. shows the vehicle control system and Table 1 . shows the specifications of the experimental vehicle. At first, disturbance suppression performance and tracking capability to reference value are verified with experimental results. Then, effectiveness of ESP is demonstrated. In the experiment, since vehicle rollover experiment is not possible due to safety reason, step response of lateral acceleration and yaw rate are evaluated.
Effectiveness of RSC (a)Vehicle Stability under Crosswind Disturbance
For repeatability reason, roll moment disturbance is generated by differential torque. Under 20 km/h constant speed control, roll moment disturbance is applied from 1 sec. The disturbance is detected by DOB and compensated by differential torque of right and left inwheel motors. Here, the cut-off frequency of the low pass filter is 63 rad/s. Fig. 15 . shows disturbance suppression during straight road driving.
Step disturbance roll moment (equivalent to 0.5 cr h s m * / 2 ) is applied around 1 sec. In the case without any control and only with FB control of RSC, lateral acceleration is not eliminated and vehicle trajectory is shifted in a wide range. On the other hand, in the case with DOB, disturbance is suppressed and vehicle trajectory is maintained. Fig. 16 . shows the experimental results of disturbance suppression at curve road driving. Under 20 km/h constant speed control, 240 deg steering is applied and disturbance is applied at around 2.5 sec. In this case, data is normalized by maximum lateral acceleration. In the case with RSC DOB, whole effect of disturbance is suppressed as no disturbance case. In the case without RSC, lateral acceleration decreases about 25% and vehicle behavior becomes unstable. In the previous section, since it was assured that the inner DOB loop is designed properly, tracking capability to reference value is verified with experimental results. 180 deg sinusoidal steering is applied and reference lateral acceleration is 80% of nominal value. The outer loop is designed with pole root loci method. Fig. 17 . shows that in the case with RSC, tracking capability to reference value is achieved.
Effectiveness of EPS
Effectiveness of ESP is demonstrated by experiments. For safety reason, rollover experiment is impossible. Therefore, experimental condition is the same as 5.2. Under 20km/h constant speed control, 180 deg step steering is applied. Fig. 18 . shows that in the case with only RSC, lateral acceleration and yaw rate are strongly suppressed. On the other hand, in the case with ESP, yaw rate is recovered close to reference value. In addition, the rise of lateral acceleration is also recovered and stable cornering is achieved with ESP. 
Conclusion
In this paper, a novel RSC based on ESP utilizing differential torque of in-wheel-motor EV is proposed. Effectiveness of novel RSC designed by 2-DOF control is verified with simulation and experimental results. Then incompatibility of RSC and YSC is described and ESP is proposed to solve the problem utilizing RI which is calculated using estimated value of estimation system of ESP. Experimental results validates the proposed ESP.
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